Vascular changes in the myocardium of vitamin-E-deficient pigs were studied by light and electron microscopy. The main changes shown by light microscopy were mural degeneration and multiple microthrombi in small vessels. The thrombotic material gave staining characteristics of platelets and fibrin. With electron microscopy, the main changes were endothelial damage, extravasation of platelets and erythrocytes, and the formation of thrombi composed of platelets and fibrin.
Some earlier studies of 'plotzlicher Herztod' and 'mulberry heart' reported vascular changes characterized by hyaline thrombi, endothelial swelling, and mural necrosis in myocardial arteries [4, 5, 7, 231 . GRANT [5] investigated and described in detail vascular lesions that he designated as a microangiopathy (MAP). He established that MAP occurred not only in the isolated form of 'mulberry heart', but also in the entire complex, including degeneration of myocardial and skeletal muscles and hepatic necrosis of the type described by OBEL [21] as hepatosis diaetetica. GRANT [5] , whose study included spontaneous and experimental cases, demonstrated that the pathological changes of the experimental disease were identical to those in spontaneous 'mulberry heart' and concluded that dietetic MAP can be influenced by tocopherol and selenite.
A previous article [20] described the pattern of pathoZogicaZ changes produced in pigs with diets low in vitamin E and containing unsaturated fats.
In those experiments selenium did not prevent myocardial, muscular, and hepatic injuries, and the probability that the high amounts of dietary unsaturated fatty acids were responsible for the failure of selenium supplementation was discussed. Vascular changes were not restricted to the animals with changes of typical 'mulberry heart' but were nearly constant, although more severe and widespread in hearts with gross and microscopic changes characteristic for 'mulberry heart'. Light-microscopic examination yielded no satisfactory explanation of the morphogenesis and nature of the MAP. The present work, therefore, was undertaken to study the vascular changes by combined lightand electron-microscopic techniques.
Materials and Methods
The tissues for study were obtained from the vitamin-E-deficient and vitamin-E-supplemented pigs used in the experimental investigation of the vitamin-E-deficiency syndrome described in a previous paper [20] . Tissues from walls of both atria and ventricles and the ventricular septum were fixed in 10% neutral formalin or, for particular purposes, in Hel-Iy's solution or Carnoy's solution, embedded in paraffin and stained. Fresh tissues from the same sites were used to prepare frozen sections. The stains used were hematoxylin and eosin (HE), elastin-van Gieson, Sudan 111, DI-PAS [22 1, Lepehne's hemoglobin stain [25], Mallory's phosphotungstic acid-hematoxylin method (PTAH) [14] , the martius-scarletblue (MSB) method of LENDRUM ef al. [12] , and the acid picro-Mallory method of LEN-DRUM et al. [12] .
For electron microscopy myocardial specimens from selected pigs (eight vitamin-Edeficient and six control pigs) were taken at slaughter from the right ventricle and atrium, fixed immediately in either cold 1 %O buffered osmium tetroxide at pH 7.4 or cold buffered 2.5% glutaraldehyde at pH 7.4, as described by MILLONIG [18] , followed by postfixation in osmium tetroxide, and embedded in araldite. Arterioles and capillaries were first located in sections 1 pm thick that were stained with toluidine blue; ultrathin sections were then cut on a LKB ultramicrotome, stained with aqueous 2.5% uranyl acetate (30 min) and lead citrate (10 min) as described by REYNOLDS [24] , and examined in a Siemens Elmiscope I A.
Results
The description of pathological changes concerns vitamin-E-deficient pigs only, since no similar alteration was observed in the controls.
Light Microscopy
The light-microscopic pattern was largely described in a previous paper [20] . In sections stained with HE or DI-PAS, the vascular changes were similar to those described by GRANT [5] as PAS-positive material filling out the lumen or deposited in the walls of small vessels in the myocardium ( fig. 1 ). The altered vessels were most widespread in areas with severe hemorrhages and degenerative changes. Lepehne's staining method for hemoglobin was usually positive for some small parts of the material deposited in the vascular lumina. A more or less distinct peripheral fibrinous membrane could be demonstrated with stains for fibrin (LENDRUM'S acid-picro-Mallory, MSB, PTAH). The central parts of the thrombus consisted of a finely granular mass, occasionally with a few erythrocytes. The granular material stained light blue with MSB and the acid picro-Mallory method and light brown with PTAH, thus showing tinctorial affinities comparable to blood platelets. Fine fibrinous threads could be seen in the central mass, and sometimes all of the deposited material stained as fibrin ( fig. 2 ). In general, PTAH stain gave the impression of more fibrin in the deposited material than did the other stains for fibrin. Even in vessels without thrombi, in small muscular arteries and arterioles fibrinoid medial necrosis was frequent, especially within areas of severe myocardial degeneration ( fig. 3 ). Large vacuoles that occurred in endothelial cells of small vessels often appeared to occlude the lumen ( fig. 4 ). 
Electron Microscopy
Usually there was no difficulty in recognizing the capillaries and arterioles in the 1-pm thick sections of the araldite-embedded specimens. Osmium-fixed tissue without pretreatment with glutaraldehyde was best suited for ultrastructural study of the vessel wall and especially of endothelial cells. In control animals the capillary endothelium formed a thin continuous sheet around the lumen. A basement membrane 300 to 500 k thick was external to the endothelial cells. The cytoplasm of the endothelial cells contained numerous mitochondria and pinocytotic vesicles, and scattered free granules of ribonucleic acid ( fig. 5) . This corresponds to the descriptions in the literature of normal vascular morphology. Small arterioles were also examined. These were small vessels containing no more than a single layer of smooth muscle cells next to the basement membrane of the endothelial cells ( fig. 6 ).
Most vessels in the vitamin-E-deficient pigs had swollen endothelial cells with reduced electron density of cytoplasm and derangement of mitochondrial cristae ( fig. 8 ).
Osmiophilic inclusions of various sizes and forms were common ( fig. 9 ). Cytoplasmic lysosomes, which occurred regularly in endothelial cells of the control material, were usually absent. In arterioles there were electron-dense, irregular deposits between the basement membrane of the endothelial cell and the smooth muscle cell. There were discontinuities of the basement membrane in the areas of the subendothelial deposits ( fig. lo ).
In sections stained with toluidine blue for light microscopy the thrombi appeared as homogenous or fine granular material ( fig. 7 ). Several osmiophilic particles were seen within the endothelial cytoplasm. These were lost in the frozen sections stained with Sudan I11 for light microscopy.
Several capillaries and arterioles were completely or partially filled with aggregated platelets. The platelets were apparently adherent to the vascular wall, and there were fibrinous dots between them ( fig. 11 ). Some platelets had retained their internal structures, but many were degranulated. Occasionally, red blood cells and cellular debris, including empty membranous loops, occurred with aggregated platelets.
The endothelium was focally disrupted. Aggregates of platelets in various stages of degeneration admixed with strands of fibrin occurred adjacent to the discontinuities and extravascularly ( fig. 11 ). In more advanced stages of vascular alteration the endothelial lining was missing, and the wall of the vessel hardly recognizable ( fig. 12 ). Around the altered blood vessels the myocardial fibers were fragmented and separated, with loss of glycogen, accumulation of lysosomes, and partial loss of the usual cross-sectional pattern (fig. 13 ). The mitochondria were variably disorganized internally and sometimes contained whorled myelin-like membranes ( fig. 14) .
Discussion
It is proposed that these severe vascular changes begin with endothelial damage and end with severe thrombosis. Besides myocardial degeneration and hemorrhages, the most prominent feature of the lesions in pigs dying of 'mulberry-heart disease' under natural conditions is multiple microthrombi in the myocardial vessels. The frequent occurrence of endothelial changes in vessels without thrombosis suggests that endothelial injury represents the earliest stage in the development of MAP in pigs on vitamin-E-deficient diets. In fact, most small vessels as seen by electron microscopy had swelling of endothelial cells with reduced electron density of cytoplasm and dense osmiophilic cytoplasmic droplets.
Endothelial swelling as a result of poor fixation is common in electron microscopy and should be considered when altered endothelial structure has been observed. In the present study, however, there was no similar structural alteration of endothelial cells in the control material. As all pigs had also received the same amounts of dietary lipids, the lack of vitamin E appears to be responsible for the structural alterations of the endothelial cells.
This structural derangement may be the morphologic reflection of some intracellular metabolic disturbance. Since the exact biochemical functions of the tocopherols are not understood, the nature of the cellular injury in the deficient state cannot be explained. Some investigators have suggested that vitamin-E-deficiency diseases be caused by a decrease in the intracellular concentration of coenzyme Qlo (literature reviewed by GREEN and BUNYAN [6] which participates in the transfer of electrons in respiration and coupled oxidative phosphorylation. Other possible factors in cellular abnormalities associated with vitamin E deficiency are the action of vitamin E as a biological antioxidant, the occurrence of lysosomal damage with release of hydrolytic enzymes in tissues affected by vitamin-E-deficiency diseases [29] , and the possible function of vitamin E in maintaining the stability of biological membranes [ 131.
In the present study the endothelial swelling might be a result of, rather than a precursor to, the thrombotic processes as endothelial swelling has been reported in association with experimental ischemia [3] . Since the material for examination was obtained from animals in advanced stages of pathological changes, the different developmental stages of the vascular alteration cannot be determined. The numerous thrombi that appeared to be newly formed coincident with damage to vessels and myocardial fibers indicate repeated episodes of injury. Aggregation of platelets is known to occur in association with vascular damage in various conditions, such as thrombosis, the Shwartzman reaction, the Arthus reaction, and thrombotic thrombocytopenic purpura. The principal factor causing platelets to adhere to each other is adenosine diphosphate (ADP) [19] . The ADP can be released from the platelets themselves, red blood cells, or injured cells of the vascular wall.
In the present material the alterations in the vascular endothelium suggest a mural injury. The discontinuities in the endothelial lining could account for exposure of blood elements to subendothelial tissue and, further, result in the development of stable thrombi.
Experimental production of thrombi by rriechanical injury of the endothelial barrier has provided evidence for this mechanism [l] . It has been demonstrated that platelets adhere rapidly to collagen, and the release of platelet ADP and serotonin is caused by collagen [8, 26, 301 .
The nature of the platelet-rich thrombi in the present material, including degranulation of platelets and formation of fibrin, indicates fibrinous transformation as described by J0RGENsEN et al. [ll] . These investigators demonstrated that platelet-rich thrombi produced by intraluminal introduction of a silk suture or a collagen fiber in arteries of swine were transformed into fibrin-rich thrombi during a 24-hour period.
The ultrastructural nature of the intramural fibrin and hyalin-like material deposited in the walls of arteries and arterioles, as seen by light microscopy, was not examined in this study. The source of the deposited fibrin could be the circulating plasma fibrinogen, and increased permeability could account for its accumulation. The endothelial gaps, breaks in the basement membrane, and extravasated blood cells suggest increased permeability.
Endothelial damage and intravascular coagulation occur in association with the endotoxin-induced Shwartzman reaction [2, 16,281. The generalized Shwartzman reaction has also been produced in pregnant rats by tocopherol-low diets containing molecular distillates of oxidized cod liver oil [15, 171. According to the authors' observations, the injurious action observed in different organs was the result of accumulation of oxidized lipid products in the tissues and particularly affected the cells in the vascular system.
Similar occlusive vascular lesions were also described by STAMLER [27] in experimental eclampsia induced in pregnant rats fed diets that were low in vitamin E and that contained partially oxidized unsaturated fatty acids. The vascular lesions in both of the above experimental conditions could be prevented by administration of tocopherol.
As shown by these investigations, and the findings of vascular alterations in the present study, vitamin E probably plays a role in maintaining the integrity of vascular endothelium.
The altered mitochondria in myocardial fibers observed in this material are similar to those in the skeletal muscle of rats fed vitamin-E-deficient diet, as described by HOWES et al. [9] . These investigators observed various membrane alterations, including abnormal configuration of mitochondria, associated with skeletal muscle degeneration.
The authors considered the various pathological muscle changes to be related to membrane alterations. Injury to myocardial fibers could probably develop in a similar manner, resulting from a direct effect of the vitamin E deficiency, or it could occur secondary to the vascular injury.
Ischemic damage caused by circulatory disturbance was observed in the myocardial tissue of pigs used for the production of ADP-induced platelet aggregates [lo] .
